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I ASR 71-112 

INTRODUCTION AND SUMMARY 

The ob jec t i ve  of  t h i s  program i s  to  obta in  basic i g n i t i o n  data on e l e c t r i c  

spark and resonance tube i g n i t i o n  methods a t  operat ing condi t ions t y p i c a l  

o f  the Space Shut t le  APS and to complete a pre l iminary design o f  an optimum 

i g n i t i o n  system based upon the t e s t  resul ts .  This technology e f f o r t  w i l l  

provide the groundwork input f o r  APS t radeof f  studies, It w i l l  ensure t h a t  

spec i f i ca t ions  establ ished f o r  the APS are r e a l i s t i c  and achievable and w i l l  

provide the basis f o r  an expedi t lous fu tu re  engine development program. 

The program object ives,  scope and schedule are summarized i n  Fig.  1, This 

9-month program consists o f  p a r a l l e l  e f f o r t s  a t  the two chamber pressure 

leve ls  t yp i ca l  f o r  Space Shut t le  APS appl icat ion,  300 ps la  (206.9 N/cm ) and 

15 ps ia  (10.35 N/cm ), Engine th rus t  leve l  Is 1500 pounds (6672 N), The 

i g n i t e r  f lowrates are approximately 1 percent o f  the t o t a l  t h rus te r  propei- 

l a n t  f lowrate. 

2 

2 

The program sequence i s  shown I n  Fig, 2, The technica l  e f f o r t  Is conducted 

i n  three tasks: 

Task I - I g n i t e r  Design and Fabr icat ion 

Task I I  - I g n i t e r  Tests 

Task 1 1 1  - I g n i t i o n  System Pre l iminary Design 

Task I V  includes program management and reports 
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ASR 71-112 

Contract go-ahead was received 23 Ju l y  1970 and e f f o r t s  during t h i s  e igh th  

month o f  the program were devoted p r i m a r i l y  t o  Task ! I  i g n i t e r  test ing,  

During t h i s  report  period, the high-pressure resonance auto-fgn t e r  t h rus te r  

i g n i t i o n  t e s t  program was successful ly completed. 

conducted. Successful i g n i t i o n s  were obtained over a range o f  g n i t e r  mix- 

t u re  r a t i o s  and f lowrates w i t h  ambient and co ld  th rus te r  propel lants.  The 

feas ib i  1 i t y  o f  the auto- fgn i ter  f o r  the SS/APS t h rus te r  was v i v i d l y  demon- 

s t ra ted, 

Twenty-eight t es ts  were 

The spark i g n i t e r  e f f o r t s  during t h i s  report  per iod were devoted t o  fab r i ca t i on  

and RFI t es t i ng  o f  the integrated p lug/exc i ter  u n i t  and completion o f  the 

t e s t i n g  on the high-pressure spark i g n i t e r  over a range o f  propel lant  i n l e t  

conditions. Tests were conducted over a complete ma t r i x  w i t h  i n l e t  tempera- 

tures varying from 200' t o  800" R (111' K . t o  444" K) and i n l e t  pressures 

2 varylng from 275 t o  475 ps ia (190 t o  328 N/cm 1 ( inc lud ing worst case extremes). 

This t e s t  program was i n i t i a t e d  23 February 1971 and was completed during t h i s  

report  period, Sat is factory  i g n i t i o n s  were obtained a t  a l l  combinations o f  

i n l e t  temperatures and pressures w i th  ambient hardware and hardware tempera- 

tures down t o  400' R (222" K ) ,  Three hundred and sixty- two tes ts  were con- 

ducted. The high-pressure spark i g n l  t e r  .was i n s t a l  l ed  i n  the high-pressure 

thruster  and t e s t i n g  i s  being conducted on NAS3-14352, Sixty-seven tes ts  

have been conducted t o  date w i t h  very f a s t  response demonstrated ( e l e c t r i c a l  

s ignal  t o  90 percent t h rus te r  chamber pressure i n  0.040 sec), 

All e f f o r t s  on Task I and Task I I  have been completed successful ly and e f f o r t  

during the next report  per iod w i l l  be devoted e n t i r e l y  t o  Task 1 1 1 .  

4 
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DESCRIPTION OF PROGRESS 

TASK I - IGNITER DESIGN AND FABRICATION 

I NTRODUCT I ON 

During t h i s  task, analysis and design e f f o r t s  were conducted f o r  i g n i t e r s  

capable o f  providing re1 i ab le  i g n i t i o n  f o r  hydrogen/oxygen thrusters  operat- 

ing a t  the two design points.  

i g n i t e r  were conducted i n  pa ra l l e l ,  

The e f f o r t s  on the spark i g n i t e r  and the auto- 

A l te rna te  spark i g n i t e r  i n j e c t o r  and plug locat ion were evaluated on cold-f low 

tests  during Task I t o  obta in  a fundamental understanding o f  mixture r a t i o  and 

gas v e l o c i t y  a t  candidate plug locat ions f o r  the range o f  operat ional  variables. 

E l e c t r i c a l  system equipment was a l s o  designed, fabr icated and laboratory-tested 

during Task I ,  This equipment includes a var iab le energy power supply, spark 

plugs and a f l  ight-type, f ixed-energy, integrated plug/converter. The v a r i -  

able energy power supply and d i f f e r e n t  spark p lug gap conf igurat ions were 

evaluated by laboratory tests  I n  Task I and t h i s  hardware was used t o  establ ish 

minimum energy requirements during the i n i t i a l  Task I I  test ing,  The design 

o f  the f l  ight-type, fixed-energy, integrated plug/exci t e r  was based upon these 

t e s t  resul ts,  This integrated p l u g l e x c l t e r  was fabr icated and tested t o  deter- 

mine radiated and conducted RFI. The t e s t i n g  was completed during t h i s  report  

period, The radiated and conducted RFI was below the M I 1  Spec a t  a l l  

frequencies. 

5 
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The high- and low-pressure spark i g n i t e r  designs were submitted f o r  NASA 

approval and fab r i ca t i on  has been completed, Testing o f  these i g n i t e r s  has 

been completed i n  Task I I ,  Testing o f  the high-pressure spark i g n i t e r  and 

th rus te r  Is cont inuing under NAS3-14352 (Thruster Program) , 

During Task I ,  analysis and design e f f o r t s  were a l so  conducted f o r  resonance 

i g n i t e r s  capable o f  providing re1 fable ignf t i o n  f o r  hydrogen-oxygen thrusters  

operating a t  the two design points. 

Basic resonance i g n i t e r  conf igurat ions were establ ished and have been evalu- 

ated during Task I on well-instrumented, laboratory-type tes ts  using GHZ/G02 

propellants. The e f f e c t s  o f  geometric and operat ional  var iables on the 

a b i l i t y  t o  obta in  elevated temperatures were evaluated, 

p e l l a n t  i n jec t i on ,  sequencing and propel lant  temperature on the a b i l i t y  t o  

obta in  and sustain combustion were a lso evaluated. 

and the auto- ign i ter  design and fab r i ca t ton  e f f o r t  was completed. 

The e f f e c t s  o f  pro- 

These data were analyzed 

This 

i g n i t e r  was successful ly tested on Task l i ,  A l l  au to - ign i t i on  e f f o r t s  on 

Task I have been successful ly completed. 

I n  the fo l lowing section, the progress during t h i s  repor t  per iod on the spark 

i gn i te r ,  integrated p lug/exc i ter  u n i t  f ab r i ca t i on  and RFI t e s t i n g  are dis-  

cussed i n  more detal  1 

I NTEGRAL SPARK 44$G/€XU TES2 DES I GN AND FA6Rl CAT I ON 

Transformer design and f a b r i c a t i o n  was completed t h i s  per iod fol lowed by com- 

p l e t e  assembly o f  the prototype i n t e g r a l  spark i g n i t e r ,  Preassembly c i r c u i t  

6 
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i 

t e s t i n g  revealed an energy l i m i t a t i o n  problem due t o  switching t r a n s i s t o r  

gain proper t ies .  

un i t  completion and conduction of t h e  scheduled RFI tests. 

f o r  t h e  second u n i t  were completed and he ld  i n  t h e  pre-assembly state await- 

ing de l ivery  of a higher  gain switching t r a n s i s t o r .  

derived from both breadboard tes t  e f f o r t  and RFI t e s t i n g  were incorporated 

i n t o  t h e  first uni t .  

A compromise on del ivered energy was allowed t o  permit 

A l l  components 

C i rcu i t  improvements 

Design Evaluation 

The breadboard c i r c u i t  constructed ea r ly  i n  the  Task I design phase was 

employed t o  evaluate  f i n a l  component s e l ec t ions  p r i o r  t o  assembly onto t h e  

u n i t  p r in t ed  wiring boards. 

sible with t h i s  breadboard, 

s t o r a g e l t r a n s f e r  transformer,  it was coupled i n t o  the  breadboard f o r  evalua- 

t i o n  and c i r c u i t  t r i m .  

f i l ters FL1, 

sented i n  Fig, 3. 

Component-for-component subs t i t u t ions  a r e  pos- 

Upon completion of t h e  first design energy 

The breadboarded c i r c u i t ,  with the  exception of 

2 and 3 and r e s i s t o r  RSO (added on the  a c t u a l  u n i t ) ,  is pre- 

I n i t i a l  t e s t i n g  of t he  c i r c u i t  with the  T1 transformer designed f o r  15 m i l l i -  

jou les  del ivered energy ind ica ted  only 8 m i l l i j o u l e s  output . Analysis of 

t h i s  problem revealed a fundamental l imi t a t ion  i n  the  p a r t i c u l a r  group of 

42 t r a n s i s t o r s  (Delco DTS804) procured f o r  t he  program, 

d ispos i t ion  of t h i s  problem follows, 

The explanation and 

Referring to Fig. 8, t h e  bas ic  energy storage/discharge cycle i s  accomplished 

by a b locking  o s c i l l a t o r  circuit .  

generated by t h e  200 Hz o s c i l l a t o r  (43 c i r c u i t ) ,  

The  s t a r t i n g  pulse  f o r  each cycle i s  

The o u t p u t  pulse of t h i s  

network turns on swi tch  42, which  permits charging current t o  flow i n  t h e  T i  

7 
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transformer primary, 

ing s ta te  (through diode C R 7  and r e s i s t o r  R3) u n t i l  the transformer saturates, 

a t  which time the transformer ac t ion  ceases and T1 feedback current  drops t o  

zero, tu rn ing  o f f  Q2, The energy s tored i n  the core a t  t h i s  po in t  i s  a 

funct ion o f  the peak primary current, the  voltage drop across the primary 

and the charging time minus the volt-amp time in teg ra l  a f fec ted  by the 

feedback winding c i r c u i t ,  

gap s t a r t s  immediately upon Q2 turn-off, cont inuing u n t i l  the gap quench 

current  leve l  Is reached. Voltage induced i n t o  the T1 feedback c i r c u i t  

during discharge i s  prevented from re t r i gge r ing  42 by r e s i s t o r  R9,  

The feedback winding o f  T1 maintains 42 i n  a conduct- 

The discharge o f  s tored energy through the spark 

As described i n  the February Monthly Progress Report (ASR 71-79), the trans- 

former had been s ized t o  de l i ve r  15 m i l l i J o u l e s  w i t h  a charge time o f  2.14 

mi l l iseconds and a discharge time o f  1.07 mi l l iseconds, When f i r s t  tested 

i n  the breadboard and the del ivered energy was measured a t  8 m i  1 1  i joules,  

c i r c u i t  checks reveaded the charge cyc le was approximately 1 m i  11 isecond, 

about h a l f  t ha t  required, 

anomoly: 

than calculated, which permit ted the feedback vol tage t o  decay below the 

cu to f f  threshold o f  the Q2 swftch and (2) the primary current  demand was not 

being s a t i s f i e d  due t o  the sharp f a l l o f f  i n  Q2 gain above 600 mill iamperes 

co l  l ec to r  current, 

Two phenomena were found responsible f o r  t h i s  

(1) the regulator  output voltage Mas f a l l i n g  o f f  more rap id ly  

C i r c u i t  adjustments were made t o  increase regulator  current (1 .e,, permi t t l n g  

more o f  the spark i g n i t e r  input power t o  supply the T1 primary), provide 

9 
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more feedback current f o r  QZ ( t o  compensate f o r  Q2 gain decrease) and sus- 

t a i n  a higher feedback voltage. A po in t  i n  adjustment was reached where 

f u r t h e r  changes i n  these parameters achieved a negating e f f e c t  on del ivered 

energy. The gain cha rac te r i s t i cs  o f  ava i l ab le  42 t rans i s to rs  were such 

tha t  above 1.6 amperes c o l l e c t o r  current e s s e n t i a l l y  a u n i t y  gain was 

experienced. 

rent) energy content exceeded the equivalent stored energy gain; hence, there 

was less del ivered energy i n  the discharge cycle. 

A t  h igher currents, the feedback current d ra in  (42 base cur- 

The p r a c t i c a l  s o l u t i o n  t o  t h i s  problem was t o  procure higher gain Q2 t rans is tors ,  

however the schedule impact was p roh ib i t i ve .  I t  was therefore decided t o  

assemble the prototype u n i t  w i t h  the maximum del ivered energy achievable 

w i t h  the "best" Q2 t r a n s i s t o r  on hand. The resul tant  del ivered energy was 

12.2 m i l l i j o u l e s ,  81 percent o f  the design goal. For RFI test ing,  which i s  

the only scheduled program a c t i v i t y  f o r  the prototype un i t ,  the discharge 

5 m i l l i j o u l e  design system. I n  

content i s  present i n  the 12.2-mi 1 1  i- 

character I s t i  c i s  representat 

fact ,  i t  i s  probable tha t  a h 

j o u l e  system as i t s  discharge 

ve o f  the 

gher noise 

features a higher peak current (60 ma compared 

w i t h  40 ma design) and a shor ter  discharge time (450 u sec compared w i t h  

1 msec design) a 

The constant input current,  as a r e s u l t  o f  the described c i r c u i t  adjustments, 

increased from 120 ma t o  270 ma, As t h i s  l eve l  i s  s t i l l  f a r  below the 

500 ma goal, and a d d i t i o n a l l y  represents a temporary deviat ion only (being 

correctable w i t h  super ior  switching t rans i s to rs ) ,  i t  was f e l t  t h a t  the com- 

promise was ins ign i f i can t .  

10 
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Addi t ional  C i r c u i t  Improvements 

Disassociated from the energy l i m i t a t i o n  problem described, improvements 

were added i n t o  the prototype spark i g n i t e r  c i r c u i t  as a r e s u l t  o f  bread- 

board and RFI tests:  

1. The monitor c i r c u i t  consist ing o f  r e s i s t o r  R8 and transformer T3 

( r e f e r  t o  Fig,  3) was designed i n t o  the u n i t  package as an "add- 

on" ind icat ion.  Breadboard evalt iat ion proved the c i r c u i t  y ie lded 

representative instrumentation o f  the spark discharge and had 

n e g l i g i b l e  inf luence as an energy loss element, less than 0 , l  percent. 

Although no s ignal  condi t ioning f o r  RFI purposes was incorporated, 

the simple monitor system was assembled i n t o  the prototype un i t .  

The monitor provides a 1.5-volt peak sawtooth wave o f  durat ion and 

decay c h a r a c t e r i s t i c  i den t i ca l  t o  the spark discharge current. 

2,  Although no ins tab i  li t i e s  i n  c i r c u i t  breadboard operation o f  the 

prototype u n i t  were noted, p r i o r  breadboard work w i t h  a smaller 

energy transformer had indicated a marginal osci  1 l a t i o n  tendency 

o f  the system, This condi t ion was witnessed by occasional re t r i gge r -  

ing (addi t ional  output pulses) o f  the re laxat ion osci  1 l a t o r  c i r c u i t ,  

which quick ly  degenerated t o  a high-frequency, no-spark operational 

mode f o r  the e n t i r e  system. 

the o s c i l l a t o r  c i r c u i t  i n  the 28 Vdc re tu rn  leg a t  the moment o f  T1 

transformer switching. The R l O  r e s i s t o r  was added t o  attenuate t h i s  

e f f e c t  and c i r c u i t  s t a b i l i t y  under a l l  operating condi t ions was 

restored. 

the prototype cf r c u i  t. 

The cause was traced t o  feedback i n t o  

The r e s i s t o r  was added as a design insurance measure t o  

1 1  
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3. Input f i l t e r s  provided f o r  i n  the design b u t - n o t  i n s t a l l e d  i n  the 

o r i g i n a l  assembly were added during e a r l y  RFI test ing.  A discussion 

o f  t h i s  requirement i s  presented i n  the RFI Test sect ion below. It 

i s  noted that f i l t e r s  FLI, 2 and 3 were selected from avai lab le 

devices a t  Rocketdyne and were not  optimized f o r  the package nor 

at tenuat ion character is t ics .  ' l P i "  f i l t e r s  i n  the same package s i ze  

would be proposed f o r  a f i n a l  u n i t  as they have near ly twice the 

i nse r t i on  loss o f  the "L" f i l t e r s  used i n  the 0.15 t o  0.4 MHz range. 

Noise leve ls  measured during RFI tests  were nearest s p e c i f i c a t  ion 

l i m i t  i n  t h i s  frequency range, The "P i "  f i l t e r s  a l so  excel a t  the 

high-frequency end ( >  10 MHz) where an addi t ional  10-db inse r t i on  

loss i s  guaranteed over the "L" dev ces used. 

Spark lgni  t e r  Assembly 

Fol lowing completion o f  c i r c u i t  adjustments f o r  achieving maximum del ivered 

energy, the selected e l e c t r o n i c  components were assembled t o  p r i n t e d  w i r i n g  

boards, the energy storage transformer was encapsulated i n  s i  1 icon rubber 

and u n i t  i n t e r w i r i n g  assembly completed, The spark i g n i t e r  sub-assemblies 

are depicted i n  Fig, 4 . Now shown Is the bracket d e t a i l  which serves 

as the transformer mount and spaces the p r i n t e d  w i r i n g  assemblies. 

A f t e r  case i n s t a l l a t i o n  and welding, the i n te rna l  c a v i t i e s  o f  the u n i t  were 

encapsulated w i t h  a special  foam res in  mixture. 

on the c i r c u i t  boards and small interconnecting leads, a mixture o f  syn tac t i c  

res in  (Scotchcast XR-5068) and i s o t a c t i c  foaming res in  (Scotchcast 603) 

were employed i n  a r a t i o  o f  2: l  by weight, respectively. 

I n  order t o  minimize stresses 

A t o t a l  o f  36 grams 

12 
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o f  mater ia l  f i l l e d  the assembly to the design leve l  and a f t e r  curing, pro- 

vided a 1 ightweight, s t ructura l  l y  r i g i d  module. The compound growth during 

cure was less than 5 percent. 

After j o i n i n g  the input connector lead wires, the connector endplate was 

welded t o  the case, e s s e n t i a l l y  completing the assembly (see Fig,  5 ) .  

14 
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SPARK IGNITER RFI TESTING 

Broadband r a d i a t e d  and conducted RFI tests p e r  MIL-I-6181D were performed 

on t h e  high-pressure t h r u s t e r / i g n i t e r  system t h i s  r epor t  per iod,  A pro*o- 

type i n t e g r a l  spark i g n i t e r  was i n s t a l l e d  on t h e  Task I high-pressure 

i g n i t e r  and subjec ted  t o  approximately 200 func t iona l  cyc les  while no i se  

generat ion was monitored. I n i t i a l  measurements i nd ica t ed  excessive r ad ia t ed  

no i se  l e v e l s  from the  input  cabl ing and f i l t e r s  were 

i g n i t e r ,  Provis ions f o r  powerline f i l t e r s  had been made i n  the  u n i t ,  bu t  

i n s t a l l a t i o n  was postponed t o  enable measurement of t h e  f i l t e r  inf luence.  

Following f i l t e r  addi t ion ,  a l l  measurements were within s p e c i f i c a t i o n  l i m i t s ,  

Successful  performance of the  RFI tes ts ,  with f u l l  s p e c i f i c a t i o n  compliance, 

a t t a i n e d  a major g o a l  of the  spark i g n i t e r  program. 

added t o  t h e  spark 

Test I n s t a l l a t i o n  

The spark i g n i t e r  RFI tes t  se tup  was made i n  the  Rocketdyne Development 

Laboratory screen room. 

( r a d i a t e d  measurement with 41-inch (1.04 m )  rod antenna shown), 

i t e m ,  cons i s t ing  of the  i n t e g r a l  spark i g n i t e r ,  Task I i g n i t e r  body, and 

The complete i n s t a l l a t i o n  is shown i n  Fig. 6 

The test 

uncooled t h r u s t o r / i n j e c t o r  assembly was supported and bonded t o  t h e  s h i e l d  

plane p e r  MIL-I-6181D. The i n t e g r a l  spark i g n i t e r  was i n s t a l l e d  i n  t h e  

i g n i t e r  s i d e  loca t ion ,  a n d . a l 1  p rope l l an t  i n l e t s  were c losed  by b l i n d  

flange. 

long using unshielded s i n g l e  conductors , 

The spark i g n i t e r  input  cable  was cons t ruc ted  24 inches ( , 6 1  m )  

This i npu t  power/control cable  

was connected t o  a dc  power supply and c o n t r o l  box through l i n e  stabiliza- 

t i o n  networks, LSN's. Separate  manual switches on t h e  c o n t r o l  box were 

16 
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used t o  apply power and c o n t r o l  i gna l s  t o  t h  

ASR 71-112 

spark i g n i t e r .  

A t i m e  delay network was placed i n  series with the  con t ro l  lead t o  faci l i ta te  

t e s t i n g  and con t ro l  spark i g n i t e r  duty cycle. 

connections were made t o  t h e  noise  monitoring and c a l i b r a t i o n  equipment. 

Appropriate antennae/LSN 

Instrumentation 

Noise and f i e l d  i n t e n s i t y  measurements were made using t h e  following pr inc i -  

p a l  equipment: 

Description 

Tuning Units 

Mode 1 - 
Empire Devices T-A/NF-105 

T- 1/NF- 10 5 
T-2 /NF- 10 5 

Noise & Fie ld  I n t e n s i t y  Meter Empire Devices NF-105 

Switching Unit Empire Devices SW-105 

Impulse Generator S toddar t  91263-1 

Vertical Antenna Empire Devices VA-105 

Dipole Antennae Empire Devices DH-105 T1,2,3 

50 Ohm Dummy Antennae S t oddart  90594-2 

The equipment was c a l i b r a t e d  t o  secondary s tandards p r i o r  t o  test  commencement, 

Test Procedure 

Broadband r ad ia t ed  in t e r f e rence  measurements, first using t h e  41-inch (1.04 m )  

rod antenna and then the  resonant  d ipole  antennae were taken p r i o r  t o  broadband 
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conducted in t e r f e rence  measurements using l i n e  s t a b i l i z a t i o n  networks, 

P r i o r  t o  each bandwidth scanned, t h e  ambient no ise  l e v e l  was measured, 

For each tuned antenna band, t h e  band frequency was scanned f o r  m a x i m u m  

impulse l e v e l s  while t he  spark i g n i t e r  was operated,  

ing  (ltonl’) per iod was approximately 5 seconds, 

during t h e  bandwidth scan were indiv idua l ly  r e t e s t e d  at resonance and t h e  

antenna-induced no i se  l e v e l  determined by s u b s t i t u t i o n .  

f o r  reading co r rec t ion  were those given by t h e  manufacturer, Empire Devices 

Products Corporation, 

the  r ad ia t ed  in t e r f e rence  measurements was 0,15 t o  400 MHz, 

t o  the  spark i g n i t e r  during a l l  r ad ia t ed  in t e r f e rence  tests was 28 Vdc. 

The normal operat-  

Peak noise  l e v e l s  found 

Antenna f a c t o r s  

The broadband impulse frequency range covered f o r  

Input power 

Broadband conducted in t e r f e rence  measurements were made sepa ra t e ly  on t h e  

28 v o l t  p o s i t i v e  and negat ive ( r e t u r n )  power leads  and on the  28 v o l t  posi-  

t i v e  c o n t r o l  lead, each of  which contained an ind iv idua l  l i n e  s t a b i l i z a t i o n  

network, The two lead LSN’s not  involved i n  an i n t e r f a c e  l e v e l  measurement 

were coupled t o  50-ohm dummy antennae, 

both 28 Vdc and 24  Vdc f o r  the  series of conducted in t e r f e rence  measurements 

over t h e  requi red  bandwidth of 0,15 t o  25 MHz, 

de t ec to r  input  were ascer ta ined  by t h e  s u b s t i t u t i o n  method. 

The spark i g n i t e r  was operated a t  

Peak noise  l e v e l s  a t  t h e  

Test Resul t s ,  Radiated In t e r f e rence  

A p l o t  of peak r a d i a t e d  in t e r f e rence  l e v e l s  de t ec t ed  is included i n  Fig, 7. 

I n i t i a l  t e s t i n g  i n  t h e  frequency spectrum below 25 MHz ind ica t ed  no i se  l e v e l s  

s l i g h t l y  i n  excess  of s p e c i f i c a t i o n  l i m i t s  (circle p l o t s  on the  f i g u r e ) ,  
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Probing wi th  a loop antenna showed the  noise  source t o  be t h e  unshielded 

input  cable. The high-frequency content inherent  i n  the  spark discharge 

c i r c u i t  was t r a v e l i n g  back through t h e  u n f i l t e r e d  e x c i t e r  c i r c u i t r y  and 

hence enianating from the  spark i g n i t e r  input  cable  leads.  

not unant ic ipa ted ,  as input  powerline f i l t e r s  were s p e c i f i c a l l y  excluded 

from t h e  spark i g n i t e r  assembly, although provis ions  f o r  t h e i r  incorpora- 

t i o n  had been made. 

This r e s u l t  was 

Miniature filters (Erie 9000-100 series) were added a t  t h e  spark i g n i t e r  

i npu t  a t  t h e  28 v o l t  power, r e t u r n  and control connector te rmina ls ,  and 

the  monitor output  was close-coupled t o  a 50 K ohm resistor, 

t ha t  t h e  simple monitor c i r c u i t  i n  t h e  prototype spark i g n i t e r  was pro- 

vided f o r  i nd ica t ion  purposes only and s i g n a l  condi t ioning of t h e  monitor 

output was no t  undertaken during the  i g n i t e r  design phase. As t h e  monitor 

c i r c u i t  is a sepa ra t e  development i t e m ,  it was more p r a c t i c a l  t o  e l imina te  

the  e x t e r n a l  cable  leads than t o  incorporate  c i r c u i t  improvements,) 

(I t  is noted 

With t h e  f i l t e r i n g  added and monitor leads el iminated,  t h e  r ad ia t ed  i n t e r -  

ference test  w a s  re-performed with a l l  l e v e l s  below s p e c i f i c a t i o n  l i m i t s  

( t r i a n g u l a r  d a t a  po in t s  of t h e  f i g u r e ) ,  

wide margin (15 t o  20 db) i n  t h e  0.5 t o  20 MHz range, which b lankets  t h e  

normal communication and te lemetry bandwidth used i n  p r i o r  manner aerospace 

systems a 

O f  p a r t i c u l a r  s ign i f i cance  is t h e  

Screen room background level during a l l  t e s t i n g  was belo% 30 db. 
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Test Resul t s ,  Conducted In te r fe rence  

A p l o t  of peak-conducted in t e r f e rence  l e v e l s  de tec ted  is shown i n  Fig. 8 ,  

A l l  no ise  l e v e l s  on the  th ree  con t ro l  and power leads  t o  the  spark i g n i t e r  

a r e  well below s p e c i f i c a t i o n  l i m i t s  with the  28 Vdc negat ive r e t u r n  (ground) 

l ead  ind ica t ing  s l i g h t l y  h igher  impulsive no i se  i n  t h e  low-frequency end of 

t h e  spectrum. T h i s  effect is  no t  uncommon and is due t o  both f i l t e r  design 

( ava i l ab le  f i l t e rs  were used) and the  i g n i t e r  c i r c u i t  design. For s a f e t y  

reasons,  t h e  low p o t e n t i a l  spark e l ec t rode  is connected both t o  the  spark 

i g n i t e r  case as w e l l  as t o  the  power supply ground. 

a t ed  

Spark discharge gener- 

no ise  is  the re fo re  r e f l e c t e d  d i r e c t l y  onto t h e  low impedance power 

. supply negat ive  lead,  

A common p l o t  is rendered f o r  both the  +28 Vdc power and c o n t r o l  leads as 

t h e i r  de tec ted  noise  l e v e l s  were within t 2  db, 

a t  each frequency is p lo t t ed .  

the  readings a t  24 Vdc and 28 Vdc power supply vol tage,  

values  are p l o t t e d  i n  t h e  f igure .  

noted to  be 4 db higher  at  24 Vdc than a t  28 Vdc i n  t h e  2.0 t o  1 2  M€Iz band. 

This is a r e s u l t  of t h e  change i n  cur ren t  demand charac te r iz ing  the  spark 

i g n i t e r  cu r ren t  r egu la to r .  

and hence has  an over-capacity below t h i s  voltage.  The r e s u l t  is a 20-50 

mill iampere l e v e l  cur ren t  spike on the  power leads  as t h e  r e g u l a t o r  "cu ts  

The higher  of t h e  two l e v e l s  
.li. 

Peak noise  l e v e l s  va r i ed  only s l i g h t l y  between 

Again, t he  higher  

The negat ive r e t u r n  l ead  peak noise  was 

The r egu la to r  was set fo r  minimum r i p p l e  a t  26 Vdc 

off"  during each energy s to rage  cycle. 

no t iceable  i n  conducted noise  b u t  i n s i g n i f i c a n t  with regard  t o  s p e c i f i c a t i o n  

l i m i t s  , 

This low l e v e l  cu r ren t  change w a s  

22 



ASR 71-112 

23 



ASR 71-112 

Screen room background level during conducted interference measurements 

was less than 31  db, 

All Task I effort was successful ly  completed. 

ing the  next report period i n  the Task I11 Igni ter  System Preliminary Design 

e f f o r t  

These data w i l l  be used dur- 
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TASK I1 * IGNITER TESTS 

INTRODUCTION AND SUMMARY 

During Task 11, a series of ho t - f i r i ng  tests with gaseous hydrogen/gaseous 

oxygen p rope l l an t s  were conducted using t h e  i g n i t e r s  designed and f a b r i c a t e d  

i n  Task I,  The o r i g i n a l  test  program was comprised of t h r e e  d i f f e r e n t  types 

of t e s t i n g  ( i g n i t e r  only,  i g n i t e r / t h r u s t e r  i g n i t i o n ,  and 2500-test d u r a b i l i t y ) .  

The i g n i t e r  only t e s t i n g  was conducted on both high- and low-pressure spark 

and resonance i g n i t e r s  a t  t h e  Los Angeles Division t o  eva lua te  i g n i t e r  igni-  

t i o n  over t he  range of p rope l l an t  i n l e t  condi t ions,  

cluding pressure ,  temperature and sequencing, were e s t ab l i shed ,  

r e s u l t s  w i l l  provide design criteria and opera t ing  l i m i t s  fo r  the  system 

design (Task 111). 

Operating l i m i t s ,  in- 

These t e s t  

I g n i t e r / t h r u s t e r  i g n i t i o n  t e s t s  were conducted a t  SSFL CTL-4 t o  assure  t h a t  

i g n i t e r  energy is s u f f i c i e n t  t o  provide r a p i d  i g n i t i o n  of t he  main propel- 

l an t s .  

da t a  as a funct ion of i g n i t e r  flowrate and mixture ra t io  (energy).  

These tes t  r e s u l t s  provided t h r u s t e r  t r a n s i e n t s  ( i g n i t i o n  delay)  

Based upon t h e  previous t es t  r e s u l t s ,  a f i n a l  tes t  series was planned dur- 

ing t h e  n i n t h  month of t h e  program t o  demonstrate i g n i t e r  d u r a b i l i t y ,  

ever ,  t h i s  po r t ion  of t h e  test  program was changed by NASA reques t .  

series of i g n i t e r  only tests were subs t i t u t ed .  

How- 

A 

These tests were conducted 
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t o  simulate a l l  possible propel lant  i n l e t  temperature and pressure extremes. 

The high-pressure spark i g n i t e r  i s  being used on Contract NAS3-14352 and 

w i  1 1  undergo the 2500-test demonstrat ion on t h a t  program durlng thruster  

tests  , 

E f f o r t  on Task I I  was i n i t i a t e d  during November. High-pressure and low- 

pressure spark i g n i t e r  only tes t i ng  was completed i n  January. During Febru- 

ary, t es t i ng  on the low-pressure spark i g n i t e r  and thruster  was successful ly 

completed. The high-pressure spark i g n i t e r  i n l e t  extremes tes t i ng  was 

i n i t i a t e d  during l a t e  February and completed i n  March. 

During December, e f f o r t  on Task I I  was a lso devoted t o  auto- ign i ter  t e s t  

program planning, The auto-igni t e r  t e s t  p lan was submitted f o r  approval 

29 December 1970, Auto- igni ter  t es t i ng  was i n i t i a t e d  13 January 1971. The 

auto- ign i ter  i g n i t e r  only t e s t i n g  was successful ly completed dur ing February. 

The t e s t  p lan f o r  auto-igniter/thruster- igni t e r  was submt t t e d  and approved. 

This t e s t  e f f o r t  was successful ly conducted during t h i s  report  period. 

I n  the fo l lowing sect ion t e s t  e f f o r t s  conducted t h i s  repor t  per iod are 

summarized, 
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SPARK IGNITER TESTING ( IGNITER ONLY .. EXTREMES) 

The high-pressure augmented spark i g n i t e r  ( A S I )  system limit analysis tes t -  

ing was i n i t i a t e d  on 15 February and was completed on 12 March 1971, The 

t e s t  data analysis has been completed and the f i n a l  resu l t s  of t h i s  t e s t  

ser ies are presented herein, Operation o f  the AS1 was demonstrated over a 

very wide range o f  i n l e t  propel lant  and i n i t i a l  hardware condit ions, 

The high-pressure spark i g n i t e r  was designed t o  provide a f lowrate o f  0,04 

lb/sec (0.018 Kg/sec) ( - 1  percent o f  t h rus te r  f lowrate) a t  a propel lant  mix- 

ture r a t i o  o f  1,O:l o / f  w i th  propel lant  i n l e t  condit ions a t  375 ps ia  

(259 N/cm2) and 540" R (300" K), This i g n i t e r  was previously tested a t  

nominal condit ions and a t  mixture r a t i o s  from 0.8 t o  1.5 w i t h  propel lant  

temperatures from 200" R ( 1 1 1 "  K) t o  800" R (444" K) (propel lants a t  approxi- 

mately equal i n l e t  temperatures f o r  any given t e s t ) .  The ob jec t i ve  o f  the 

t e s t  ser ies described herein was t o  u t i l i z e  the e x l s t i n g  spark i g n i t e r  and 

demonstrate i t s  a b i l i t y  t o  funct ion over very wide extremes o f  i n l e t  pro- 

pel  l a n t  temperature and pressure ( including worst case condit ions). 

Proposed vehic le  propel lant  d i s t r i b u t i o n  system and th rus te r  data were 

reviewed, 

250" R O2 t o  800" R ( 1 1 1 "  K H2 and 139" K 02 t o  444" K) ]  and propel lant  i n l e t  

pressures 1275 t o  475 ps ia  (190 to 328 N/cm ) I  were established, These con- 

d i  t ions are considered representative o f  the possible extremes from the 

From t h i s  review, propel lant  i n l e t  temperatures [200° R H2 and 

2 
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propel lant  d i s t r i b u t o r  system and ac tua l l y  exceed those accpetable by the 

thruster.  

propel lant  i n l e t  condi t ion w i t h i n  t h i s  range, i t  would not  place any opera- 

t i o n a l  r e s t r a i n t s  on the al lowable propel lant  i n l e t  conditions. 

Therefore, i f  the i g n i t e r  were capable of operating w i t h  any 

F a c i l i t y  Descr ipt ion 

The i g n i t e r  t e s t  e f f o r t  was conducted a t  the Los Angeles Div is ion Thermo- 

dynamics Laboratory. 

i n  the Progress Report f o r  February 1971 (ASR 71-79). Figure 9 i s  a photo- 

graph o f  the f a c i l i t y  whi le  tes t i ng  w i t h  condlt loned propellants. 

A complete descr ip t ion o f  the f a c i l i t y  has been given 

Test Hardware 

The design o f  the high-pressure augmented spark i g n i t e r  was based on the 

resu l t s  o f  Task I analysis, co ld  flow, and Task I I ,  i g n i t e r  evaluation, The 

i g n i t e r  hardware was completety i 1 l us t ra ted  and described i n  the Progress 

Report f o r  February 1971 (ASR 71-79). Figures 10 and 11 are photographs of  

the AS1 w i t h  ambient and condit ioned propel lants,  respectively. 

Test Ma t r i x  Summary 

The summary o f  t es ts  conducted during t h i s  t e s t  e f f o r t  i s  presented in  Table 1 .  

Figures 12 through 23 show the matr ix  o f  condi t ions under which i g n i t i o n  

was successful ly obtained. 

i n  the Data Analysis section. 

A de ta i l ed  discussion o f  these tes ts  i s  presented 

The t e s t  ma t r i x  was developed about the 
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2 
nominal design p o i n t  of :  100 ps ia (69 N/cm ) chamber pressure; 1,O:l mix- 

t u r e  r a t i o ,  375 ps ia  (259 N/cmL) i n l e t  pressure; and ambient i n l e t  tempera- 

tures. The excursion o f  i n l e t  condi t ions conducted was .... +lo0 ps i  (69 N/cm ) 

i n  valve i n l e t  pressure and range o f  200" R ( H 2 ) ,  250° R (Q2) t o  800" R 

(02, H2) [Ill" K (Hz),  139" K (02) t o  444" K (I2, H2) ]  i n  i n l e t  propel lant  

temperature. A1 1 the tests  conducted were done so w i t h  simultaneous oxi- 

d ize r  and fue l  valve and spark e l e c t r i c a l  "on" s ignals (one s ignal )  a 

2 

As s ta ted previously under Objective, t h i s  t e s t  ser ies was conducted t o  

demonstrate the a b i l i t y  o f  t h i s  i g n i t e r  t o  funct ion over a very wide range 

of  i n l e t  pressure and temperature condit ions ( inc lud ing worst case condit ions) e 

Spark Plug Type, The 0.025-inch (0,064-cm) dual-recess gap spark plug was 

u t i l i z e d  f o r  tests  numbered 1 through 216 i n s t a l l e d  f l u s h  w i t h  the i g n i t e r  

inner surface i n  the center location, 

The 0,050-inch (0,128-cm) surface gap plug was used f o r  tests  numbered 217 

through 296 i n s t a l l e d  f l ush  w i t h  the i g n i t e r  inner surface i n  the center 

location, Tests 297 through 327 used t h i s  same surface gap plug but  i nse t  

by 0.070 inch (0,178 cm) i n t o  the i g n i t e r  body and p ro jec t i ng  i n t o  the gas 

stream. Tests 328 through 362 a l so  used t h i s  same plug but i n s t a l l e d  i n  the 

side locat ion and inset  by 0.070 inch (0.178 cm), 

Spark Energy and Rate. As i s  shown i n  Table I ,  the resu l tan t  del ivered 

spark energy was var ied from 12 t o  54 m i  1 1  l j o u l e s  during t h i s  tes t  series, 

Also as indicated i n  Table I ,  the spark r a t e  was changed from 100 t o  800 

cyc 1 es /second. 
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Data Analysis 

During t h i s  t e s t  e f f o r t ,  362 tes ts  were conducted over a very wide range o f  

propel lant  i n l e t  pressure and temperature and spark energy and rate. Nominal 

t e s t  condi t ions were f lowrate o f  0,04 lbm/sec (0.018 Kg/sec), mixture r a t i o  

o f  1.0: 1 (o/ f )  , chamber pressure of  100 ps ia  (69 N/cm ) , ambient temperature 

propel lants  and hardware, de l ivered energy o f  20 m i  1 1  i j o u l e s  (modif ed induc- 

t i v e  workhorse u n i t ) ,  and simultaneous valve and spark e l e c t r i c a l  s gnal w i t h  

0,250-second durat ion and 0,025-second f u e l  valve lag. 

2 

Based on a l l  the tes ts  conducted, f u e l  and ox id i ze r  f lows s ta r ted  simultaneously 

and spark lagged a t  most by 0.006 second and lead by 0.012 second. 

age t e s t  durat ion o f  0.230 second was obtained w i t h  an average f u e l  lag o f  

0.026 second dur ing shutdown. I g n i t i o n  occurred i n  approximately 0,027 second 

from s t a r t  o f  f u e l  f l o w  and the prope l lan t  valves demonstrated s igna l - to -s ta r t -  

The aver- 

o f - f low times o f  about 0,008 second, 

as the mean time from valve e l e c t r i c a l  s ignal  t o  ign i t ion .  

Therefore, 0,035 second was demonstrated 

The mat r ix  of  tes ts  conducted Is presented i n  Table I, showing the various 

combinations o f  propel lant  i n l e t  pressure and temperature, spark energy and 

r a t e  w i t h  the resu l tan t  i g n i t e r  mix ture r a t i o s  and i n i t i a l  hardware temperature. 

Areas of no i g n i t i o n  d i d  occur dur ing co ld  hardware test ing,  The i g n i t i o n  

resu l ts  are d isp layed i n  Figs. 12 through 23 , It  was demonstrated during 

t h i s  t e s t  e f f o r t  t h a t  i g n i t i o n  was obtained over the complete range o f  extremes 

I n  

low as 240" R (139" K). 

propel lant  I n l e t  temperature and pressure, and a t  hardware temperatures as 
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Dual-Recessed Gas Plug Test Results Analysis, 

t i o n  (dual-recessed gap spark plug, flush-mounted, i g n i t e r  dome center loca- 

t i o n )  was subjected t o  the complete matr ix  o f  propel lant  conditions. 

t i o n  attempts under a l l  i n l e t  condit ions were 100 percent successful when the 

i g n i t e r  hardware temperature was 520" R (289" K) o r  higher. 

ware temperatures were decreased toward 280° R (156' K) , successful i g n i t i o n  

attempts became sporadic, This decreasing i g n i t i o n  p r o b a b i l i t y  as a funct ion 

o f  hardware temperature i s  i l l u s t r a t e d  i n  Fig, 24, 

The proposed i g n i t e r  configura- 

Ign i -  

However, as hard- 

The contrast ing t e s t  resu l t s  experienced w i t h  i d e n t i c a l  propel lant  condi t ions 

but d i f f e r e n t  hardware temperatures indicated two probable causes: 

1 )  The energy normally present i n  the spark discharge was 

reduced due e i t h e r  t o  thermal losses o r  t o  d i e l e c t r i c  

losses (o r  both) ;  

2) The prope 

e l e c t  rode 

l a n t  f low/mixture condit ions 

a rea we re changed by ha rdwa r e  

n the spark plug 

tempe r a t  u re. 

To explore hypothesis 1) above, spark discharge c h a r a c t e r i s t i c  instrumentation 

was added t o  the tes t  setup, Using an osci l loscope, the output high voltage 

o f  the workhorse induct ive e x c i t e r  u n i t  was monitored during various i g n i t e r  

t e s t  condit ions. (Operation o f  the var iab le induct ive u n i t  and t yp i ca l  

output voltage/spark voltage cha rac te r i s t i cs  are presented i n  the Quar ter ly  

Report f o r  November 1970 - January 1971, ASR 71-45.) 

voltage during i g n l t i o n  attempts w i t h  co ld  hardware d i d  not cons is tent ly  

e x h i b i t  the t yp i ca l  breakdown/sustaining voltage experienced previously. The 

The spark cha rac te r i s t i c  
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voltage was o f ten  characterized by an exponential r i s e  w i t h  no step changes 

t o  ind icate gap breakdown, This c h a r a c t e r i s t i c  voltage di f ference i s  i 1 lus- 

t ra ted  i n  Fig. 25 

A subsequent ser ies o f  special  cold-hardware tests  were programmed t o  fu r the r  

evaluate t h i s  e f fec t .  

(oxygen simulant) f lowing, normal spark discharge occurred. However, w i t h  

combined co ld H2/N2 flowing, the abnormal voltage c h a r a c t e r i s t i c  again occurred. 

Contacts w i t h  the National Bureau o f  Standards Cryogenic Laboratory, Boulder, 

Colorado, and a l i t e r a t u r e  search f a i l e d  t o  y i e l d  i ns igh t  i n t o  t h i s  phenomenon. 

It was found that  w i t h  e i t h e r  co ld H2 o r  co ld Id2 

A ser ies o f  cold-hardware i g n i t i o n  attempts preceded by a plug electrode heat- 

ing cycle were next conducted t o  evaluate the thermal loss po r t i on  o f  the 

hypothesis. 

f low only was employed p r i o r  t o  ox id i ze r  valve signal, 

again experienced, and the t e s t  resu l t s  were deemed inconclusive due t o  the 

minimal heating e f f e c t  o f  the small energy discharges. While a more e f f i c i e n t  

p lug heating element was being constructed, the second hypothesis (propel l a n t  

flow a f fec ted  by hardware temperature) was explored. 

In these tests ,  continuous sparking f o r  60 seconds with hydrogen 

No-ignit ions were 

Mixed gases enter  the recessed electrode area o f  the dual gap plug by a com- 

b ina t i on  o f  flow patterns and random molecular movement. To change the e x i s t -  

ing condi t ion,  i t  was decided t o  completely change the plug electrode geometry. 

A 0.050-inch (0.167-cm) s i n g l e  surface gap plug from Task I laboratory test -  

ing was used f o r  t h i s  purpose. The plug Is less e f f i c i e n t  than the dual gap 
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s t y l e  but has s i m i l a r  breakdown charac te r i s t i cs  (GN2 data). 

n i f i c a n t  change i n  the manner i n  which the spark discharge i s  presented by the 

electrodes and hence expose a d i f f e r e n t  gas mixture f i e l d  t o  the spark, the 

plug face was machined t o  provide an annular w e l l  only 0,020 inch (0.05 cm) 

deep separating the concentr ic electrodes. 

To assure a s ig-  

Single Surface Gap Test Results Analysis. 

flush-mounted i n  the i g n i t e r  center locat ions and subjected t o  selected por- 

t ions o f  the l i m i t s  matrix. 

and Figs. 12 through 23. The decreasing i g n i t i o n  p r o b a b i l i t y  as a funct ion 

The surface gap plug was i n s t a l l e d  

The resu l t s  o f  these tests  are presented i n  Table I 

o f  hardware temperature i s  presented i n  the bottom graph o f  Fig. 26 e A 

s l i g h t  improvement i n  i g n i t i o n  success between 400" and 500" R (222" and 278" K) 

hardware temperature was observed, but  the spark discharge cha rac te r i s t i cs  

again indicated abnormality when no i g n i t i o n  occurred. The spark-del ivered 

energy and frequency were var ied from 12 t o  54 m i  1 l i j o u l e s  and 100 t o  667 cycles/ 

second, respect ively,  w i t h  no marked improvement. 

To evaluate a f u r t h e r  change i n  the f l o w  condit ions, the surface gap plug was 

inserted from f lush  t o  0.070 inch (0,178 cm) i n t o  the i g n i t e r  combustion zone. 

A smaller t e s t  sampling o f  the ma t r i x  po ints  was performed, and the resu l t s  

are i l l u s t r a t e d  i n  the center graph o f  Fig. 26. A f u r t h e r  improvement i n  

i g n i t i o n  p r o b a b i l i t y  was shown w i t h  100 percent success f o r  hardware tempera- 

tu re  a t  and above 380" R (211O K ) ,  I g n i t i o n  was not  obtainable below a hard- 

ware temperature o f  320" R (178" K),  where abnormal spark voltage cha rac te r i s t i cs  

were prevalent. The spark-del ivered energy and ra te  were var ied from 12 t o  

54 m i l l i j o u l e s  and 100 to 200 cycles/second, respect ively,  dur ing t h i s  tes t -  

ing, 



ASR 71-112 

A special spark plug e l e c t r i c a l  heat ing element was i n s t a l l e d  on the spark 

plug rear insu lator  and the heater temperature raised t o  855" R (477" K), 

With the hardware temperature maintained i n  a c o l d  condit ion, losses from 

rad ia t i on  and convection plus the large heat s ink mass o f  the i g n i t e r  body 

prevented r a i s i n g  the plug temperature more than 25" R (13.9" K) above hard- 

ware temperature. i g n i t i o n  attempts w i t h  t h i s  conf igurat ion showed no improve- 

ment and are labeled inconclusive. I t  i s  f e l t  t ha t  a plug heater Mould be a 

good concept provided a heat ing rod could be made in teg ra l  w i t h  the plug and 

therefore more e f f i c i e n t l y  t rans fe r  the thermal energy t o  the plug, 

Fol lowing the above experimentation, the surface gap plug was relocated from 

the i g n i t e r  center locat ion t o  the side locat ion and inse t  by 0,070 inch 

(0.178 cm). 

Fig. . A sample s i ze  approximately equal t o  tha t  used i n  the previous t e s t  

ser ies was taken. This t e s t i n g  shows considerable improvement over the pre- 

vious test ing,  i g n i t i o n s  were obtained a t  hardware temperatures as l o w  as 

240" R (133" K). 

300" R (167" K) was 70 percent and 100 percent above a hardware temperature 

o f  400" R (222" K). 

1 1  t o  33 m i l l i j o u l e s  and 100 t o  200 cycles/second, respectively. 

The resu l t s  o f  t h i s  experiment are presented i n  the top graph o f  

The p r o b a b i l i t y  o f  i g n i t i o n  below hardware temperatures of 

The spark-del ivered energy and ra te  were var ied from 

i n  t h i s  f i n a l  t e s t  series, o f  prime s ign i f i cance  was the character o f  the 

spark discharge. I n  tes ts  a normal voltage c h a r a c t e r i s t i c  was observed. 

No-igni t i ons  are therefore a t t r i b u t a b l e  so le l y  t o  the spark energy l eve l  

applied. O f  the two o r i g i n a l  hypotheses expla in ing lack o f  i g n i t i o n  w i t h  the 

i n i t i a l  conf igurat ion,  the loca l  flow condi t ion change w i t h  decreasing hard- 

ware temperature was general ly substantiated, The i n s u f f i c i e n t  energy/quenching 
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phenomenon i s  a lso a s i g n i f i c a n t  factor,  as evidenced by the f i n a l  t e s t  

ser ies , 

CONCLUSIONS AND RECOMMENDATION 

Successful i g n i t i o n s  were obtained a t  a l l  corners o f  the t e s t  matr ix  w i t h  

ambient hardware and w i t h  hardware temperatures down t o  400" R (222" K ) .  

2 t e s t  ma t r i x  involved excursions i n  i n l e t  pressure of  497 ps ia  (343 N/cm ) t o  

266 ps ia  (184 N/cm2) from the nominal o f  375 ps ia  (259 N/cm ) and temperatures 

o f  812" R (451" K) t o  205" R (114" K) H2, 233" R (129" K) O2 from the nominal 

o f  540" R (300" K). From these i n l e t  condit ions, extremes i n  mixture r a t i o  

o f  3.27:1 t o  0.36:l (o / f )  from the nomlnal o f  1.O:l (o / f )  were successful ly 

tested. 

The 

2 

The surface gap plug, inset  by 0.070 inch (0.178 cm) and mounted i n  the s ide 

locat ion was demonstrated i n  t h i s  t e s t  ser ies t o  be the optimum conf igurat ion 

f o r  co ld  propel lants and co ld hardware. 

The above tes t i ng  indicates the complete r e l i a b i l i t y  o f  the AS1 a t  hardware 

temperatures above 400" R (222" K),  and the trend o f  i nves t i ga t i on  undertaken 

here has shown improvements i n  i t s  operation a t  hardware temperatures below 

400" R (222" K) and a t  f ue l  and ox id i ze r  i n l e t  propel lant  temperatures o f  

213" R (118" K) and 265" R (147" K), respectively, 

Based on the above invest igat lon,  l t  Is recommended tha t  plug i nse r t i on  depth 

be f u r t h e r  invest igated w i t h  both the dual-recess gap plug and surface gap 

plug. Other plug conf igurat ions should a lso be studied, I n  add i t i on  t o  type 
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of plug, one wi th  an In tegra l  heater  element should be evaluated, 

Further cold-flow spark tests should be made wi th  the AS1 t o  b e t t e r  understand 

the flow character is t ics  i n  the dome region and the e l e c t r i c a l  propert ies of 

cold hydrogen, cold oxygen, and mixtures of the two. 
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AUTO-IGNITER THRUSTER TESTING (HIGH PRESSURE) 

The high-pressure resonance i g n i t e r  and th rus te r  were tested t o  assure tha t  

the i g n i t e r  energy was s u f f i c i e n t  t o  provide raptd I g n i t i o n  o f  the main pro- 

pel lants.  The tes t i ng  was successful ly completed on 19 March 1971. The 

th rus te r  was repeatably i gn i ted  w i t h  the auto-igni t e r  w i t h  no external  energy 

being added t o  the system. 

This t e s t  ser ies was performed w i t h  a high-pressure resonance i g n i t e r  assembly, 

uncooled workhorse thrust  chamber and concentr ic o r i f  ice i n j e c t o r  t o  determine 

the e f f e c t s  o f  i g n i t e r  energy on thruster  i g n i t i o n  delay, The tes ts  provided 

th rus te r  t rans ient  ( f g n l t i o n  delay) data as a funct ion of i g n i t e r  f lowrate and 

mixture r a t i o  (energy) . 
The high-pressure resonance i g n i t e r  was tested w i t h  ambient propellants, The 

uncooled workhorse thrust  chamber and the concentr ic o r i f i c e  i n j e c t o r  (from 

Contract NAS3-14352) were u t i  1 i t e d  f o r  a l l  tests  w i t h  both ambient propel lants  

and co ld propel lants  1259' R hydrogen and 375" R oxygen (139" K hydrogen and 

208" K oxygen)] a t  a chamber pressure o f  300 ps ia  (207 N/cm ) and a mixture 

r a t i o  o f  4,7:1 (df) ,  

2 

I g n i t e r  f lowrate and mixture r a t i o  were systemat ical ly var ied t o  determine the 

e f f e c t s  o f  i g n i t e r  energy on th rus te r  i g n i t i o n  delay. A1 1 t h rus te r  parameters 

were he ld  constant a t  nominal conditions, 
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Test Faci 1 1  t y  

Testing was conducted a t  CTL-4, Cel l  29, o f  the Santa Susana F i e l d  Laboratory. 

This f a c i l i t y  was designed s p e c i f i c a l l y  f o r  carry ing out  gaseous oxygen/ 

gaseous hydrogen t e s t  f i r i n g s  a t  simulated a l t i t u d e  condi t ions w i t h  ambient 

temperature and temperature-conditioned propel lants.  

o f  the f a c i l i t y  and schematic f low diagram representing one o f  i t s  two t e s t  

pos i t ions  was given i n  the February 1971 Monthly Progress Report, ASR 71-79, 

The hardware i n s t a l l a t i o n  i s  shown i n  Fig, 27. 

A de ta i led  descr ip t ion  

Test Hardware 

Ign i te r ,  The resonance ign i te t '  Is comprised of a sonic hydrogen nozzle, a 

cooled mixing chamber, a resonance cavi ty,  an ox id i ze r  valve, and a cooled 

th roa t  assembly, 

I n  Figs,28 and 29 respect ively.  

pressures o f  375 ps la  (259 N/cm ), a core f lowrate o f  0.04 Ib,/sec (0.018 Kg/ 

sec) and a mixture r a t i o  o f  1,O:l (o/f), In addit ion,  an ox td izer  coolant 

f low o f  0.04 lbm/sec (0,018 Kglsec) t s  used to coo1 the mixing chamber and 

th roa t  tube and t o  augment the i g n i t e r  t h roa t  mix ture r a t i o  t o  3.0:1 (o/f). 

This conf igurat ion has been tested during i g n i t e r  on ly  tes t fng  a t  the LAD 

i g n l t e r  f a c i l i t y .  

A photo and schematic diagram o f  the i g n i t e r  are shown 

The i g n i t e r  8s designed t o  operate a t  i n l e t  

2 

In reducing the i g n i t e r  f low t o  a half, the  l g n l t e r  chamber and in let  pres- 

sures are reduced by a ha l f .  The t g n l t e r  was successfully check-f i red dur- 

ing i g n i t e r  only tes ts  w i t h  these condittons. However, when the i g n i t e r  
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2 i s  used w i t h  a 300-psia (207-N/cm ) chamber pressure thruster,  the reduced 

i n l e t  pressures are w e l l  below the  th rus ter  chamber pressure, 

back f l a w  o f  t h rus te r  combustion gases i n t o  the i g n i t e r  system, the feed 

l i nes  were o r i f i c e d  (sonic) t o  ra ise  the i n l e t  pressure we l l  ab ove the 

th rus ter  chamber pressure, Since t h i s  p a r t i c u l a r  con f igura t ion  (wi th  o r i f i c e s )  

has not been tested, i g n i t e r  on ly  check- f i r ing were conducted t o  c a l i b r a t e  

the system. 

To prevent 

Thruster Assembly. 

t h rus t  chamber and concentr ic o r i f i c e  in jec to r .  

previously successfu l ly  ho t - f i r ed  on Contract NAS3-14352, 

The th rus ter  assembly was made up of  an uncooled workhorse 

These components have been 

Concentric O r i f i c e  In jec to r ,  The concentr ic o r i f i c e  i n j e c t o r  was com- 

pr ised  o f  the propel lant  in le ts ,  an ox id izer  dome which incorporates a mount- 

ing surface f o r  e i t h e r  a spark, c a t a l y t i c  o r  resonance ign i te r ,  an ox id i ze r  

d i s t r i b u t i o n  p la te,  an i n j e c t o r  body which includes the fue l  manifold, a solid 

copper (OFHC) face and 54 concentr ic elements. Instrumentation f o r  pressure 

and temperature measurements are provided f o r  sensing i n j e c t o r  operat ing con- 

d i t ions ,  Acoustic cav i t i es  are located a t  the periphery o f  the i n j e c t o r  face 

j u s t  inboard o f  the f i l m  coolant i n j e c t i o n  r i n g  which i s  incorporated i n t o  

the th rus t  chamber design, A complete descr ip t ion o f  design and operat ion 

d e t a i l s  were given i n  the February Monthly Progress Report, ASR 71-79. 

Heat Sink Chamber, The heat s ink th rus t  chamber assembly I s  comprised o f  

The bas ic  con- a f i l m  coolant r i n g  and adapter, chamber spacer and a nozzle. 

f i g u r a t i o n  has an in jec to r - to - th roa t  length o f  5.00 inches, dup l i ca t ing  the 
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pro jected geometry of the subsequent regenerative o r  dump-cooled f l i g h t - t y p e  

chambers (L* - 14.5). 

Spacers provide the c a p a b i l i t y  o f  increasing chamber length t o  increase L* as 

required t o  improve performance. 

f o r  an L* cif 19. 

copper b i l l e t s .  Addi t ional  d e t a i l s  have been provided i n  the  February Monthly 

Progress Report, ASR 71-79, 

The nozzle I s  truncated a t  an area r a t i o  o f  3.2, 

The conf igura t ion  tested had a 1-inch spacer 

The chamber bodies and spacers are fabr icated from OFHC 

Tes t Summa r y  

The summary o f  tests  conducted during t h i s  high-pressure resonance ign i  t e r /  

th rus ter  t e s t  e f f o r t  i s  presented i n  Table IC, The t e s t  e f f o r t  consisted o f  

i g n i t e r  energy evaluat ion and i g n i  te r / th rus ter  response demonstration. 

The i g n i t e r  energy evaluat ion t e s t  ser ies was conducted t o  evaluate the capa- 

b i l i t y  o f  the i g n i t e r  t o  provide rap id i g n i t i o n  o f  the main propel lant  flow- 

ra te  for a range o f  i g n i t e r  energy. I g n i t e r  energy was var ied by changing 

core flowrates from 0.5 t o  1.0 percent o f  main p rope l lan t  flow and by changing 

i g n i t e r  core mixture r a t i o  from 0,32:1 to 1.02:l (o/ f ) ,  Overal l  i g n i t e r  m i x -  

ture r a t i o  var ied from 1.64:l to  2.88:l (o/ f ) .  

The capab i l i t y  o f  the i gn i te r / t h rus te r  t o  be i gn i ted  w i t h i n  the spec i f ied  time 

1 im i ta t i on  (SO m i  11 iseconds) was demonstrated. 
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Data Analysis 

Twenty-two i g n i  t e r / t h rus te r  t e s t s  were conducted. 

6 i g n i t e r  only tests  were conducted t o  check ou t  i g n i t e r  operation and c a l i -  

b ra te  the i g n i t e r  system p r i o r  to  th rus te r  i g n i t i o n  test ing.  The hlgh- 

pressure APS th rus te r  was successful l y  and repeatedly i g n i t e d  dur ing t h i s  tes t  

ser ies wh i l e  the i g n i t e r  mixture r a t i o  and f lowrate were var ied and th rus te r  

propel lant  i n l e t  temperatures were changed. 

In  addi t  ion to these tests,  

The high-pressure resonance ign i  t e r / t h rus te r  t e s t  matr ix  performed i s  pre- 

sented i n  Table 1 1 .  

Analysis o f  the data indicated that  there was no ef fect  i n  the t h r u s t  response 

produced by the changes I n  mixture r a t i o  a t  ambient vs condit ioned propel lant  

temperatures. And no e f f e c t  on th rus t  response was measured during the mix- 

t u re  r a t i o  survey conducted w i t h  condit ioned propel lants  and a t  reduced flowrate. 

As i s  noted i n  Table I I ,one no - ign i t i on  t e s t  was recorded during t h i s  t e s t  

ser ies (Test 13). The t e s t  records have been thoroughly reviewed and no reveal- 

ing evidence as t o  the cause o f  the no - ign i t i on  was discovered. The records 

show tha t  ne i the r  the i g n i t e r  nor the th rus te r  igni ted.  The th rus te r  ox id i ze r  

and f u e l  valve i n l e t  propel lant  temperatures were recorded as 396" R (220' K) 

and 239" R (133' K), respectively, which were w e l l  w i t h i n  the range o f  pro- 

p e l l a n t  temperatures recorded f o r  tests  p r i o r  and subsequent t o  t h i s  test .  

And therefore, they should not  have been deleterious. The recorded i g n i t e r  

ox id i ze r  and f u e l  valve i n l e t  pressures were 424 ps ia (293 N/cm ) and 412 ps ia 

(284 N/cm ) which produced an I g n i t e r  core mixture r a t i o  o f  0,69:1 o / f  and 

2 

2 

" _  
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t o  a1  o f  2,33:1 o/f. As evidenced by other 

i g n i t i o n s  were obtained a t  these conditions. 

ests i n  the series, successful 

However, pos t - tes t hardware 

examination and t e s t  resul ts  on addi t ional  ign i ter -on ly  tes t i ng  ind icate a 

potent i a l  cause. 

Post-test examination o f  the i g n i t e r  ox id i ze r  t e s t  valve poppet (Teflon) 

revealed overheating and f lowing o f  the mater ia l  (Fig. 30). This condi t ion 

could cause in te rm i t ten t  leakage. Tests conducted on NAS8-25156 on a reson- 

ance i g n i t e r  w i t h  a s i m i l a r  valve poppet demonstrated t h i s  phenomenen. 

valve was overheated, i g n i t i o n s  became e r r a t i c ,  the valve was refurbished 

and 100-percent re1 table i g n i t i o n s  were obtalned. 

The 

I g n i t e r  f ue l  leads o f  approximately 0,010 second were used on a l l  the auto- 

i g n i t e r / t h r u s t e r  i g n i t i o n  tests, Resonance cav i t y  temperatures were suf- 

f i c i e n t  t o  cause f lowing o f  the Teflon seat in  the SE-5 t e s t  valve, The 

i r regu la r  surface o f  the valve poppet could cause leakage i n t o  the cav i t y  

destroying the resonance heating. Future e f f o r t s  should be conducted w i t h  a 

metal valve poppet and minimize the fue l  lead t o  minimize valve heating. 

Advanced resonance I g n i t e r s  are cu r ren t l y  being invest igated which w i  11 e l  i- 

minate the requirement for a close-coupled ox id i ze r  valve, 

During the l o w  f lowrate test ing,  the i g n i t e r  t h roa t  tube assembly was over- 

heated and eroded a t  the downstream end. The th roa t  tube assembly i s  c l e a r l y  

i l l u s t r a t e d  In Fig. 29, Analysis o f  the t e s t  data during the low f lowrate 
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As Fabricated 

Post-Test Condition 

Auto- I gn i te r/Th rus ter 
Oxidizer  Valve Poppet  

Fig.  30 
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t es t i ng  revealed tha t  the i g n i t e r  chamber pressures o f  tests  subsequent t o  

the f i r s t  low f lowrate t e s t  were approximately one-half the value at ta ined 

during the f i r s t  test ,  Therefore, i t  i s  hypothesized t h a t  erosion o f  the 

throat  tube assembly took place o r  s ta r ted  during the f i r s t  t e s t  and pro- 

bably progressed during the tests  which followed. The cause o f  erosion i s  

a t t r i b u t e d  t o  the condi t ion tha t  the tube coolant f low was reduced i n  d i r e c t  

proport ion t o  the reduction i n  the i g n i t e r  core flowrates, Due t o  the 

reduced flowrates, the gas-side convective heat t ransfer  c o e f f i c i e n t  would 

be reduced p ropor t i ona l l y  t o  the eight- tenths power of  the chamber pressure. 

Therefore, there was a larger  reduction i n  coolant than there was i n  heat f lux,  

I t should be noted that  no overheating was experienced on the nominal f lowrate 

tests  and the erosion that  was experienced on the h a l f  nominal f lowrate tests  

d id  not  a f f e c t  the i g n i t i o n  capab i l i t y  of  the i g n i t e r .  

Con c 1 us i on s 

Twenty-two ign i  t e r / t h rus te r  t es ts  were conducted w i t h  an addi t ional  6 ign 

only tests, This t e s t  ser ies demonstrated the c a p a b i l i t y  o f  the auto-ign 

t o  provide rap id i g n i t i o n  o f  the main propel lant  f lowrate. The tes t i ng  

ter -  

t e  r 

demonstrated 90 percent o f  main th rus te r  t h rus t  w i t h i n  approximately 0,045 

seconds from the s t a r t  o f  f ue l  main valve movement. The i g n i t i o n  capab i l i t y  

was demonstrated over a range I n  i g n i t e r  core mixture r a t l o  o f  from O,32:l t o  

1.02: 1 (o / f )  and o v e r a l l  i g n i t e r  mixture r a t i o  from 1.64: 1 t o  2.88: 1 (o / f )  

and f lowrates from 0.5 t o  1,O percent of  main propel lant  flow, 
- 

And, main 

propel lant  i n l e t  temperatures were var ied over a range o f  from 348" R 

(193" K) 02, 217" R (121" K) H2 t o  538" R (299" K) 02# 528" R (293" K) H2. 
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TASK I I - IGNIT ION SYSTEM PRELIMINARY DESIGN 

Dur 

o f  a complete i g n i t i o n  system. This e f f o r t  i s  be 

coordinated w i t h  the NASA Pro ject  Manager t o  ensure the l a t e s t  avai lab 

thruster  designs are incorporated. The operational 1 i m i t s  (propel lant  

ng Task I l l ,  the 

a prel iminary design 

resu l t s  o f  Task I I  t es t i ng  are being used t o  conduct 

n9 

e 

i n  l e t  

temperature and pressure) and the requi red sequencing and geometric con- 

s t r a i n t s  obtained from the Task I I  tests are major design input parameters. 

The prel iminary designs w i l l  be completed fo r  the spark i g n i t e r  and auto- 

i g n i t e r  f o r  the high chamber pressure [300 psia (206.9 N/cm ) ]  appl icat ion.  

The designs w i l l  include a layout o f  the propel lant  plumbing, and the mechani- 

cal  components and the operating character is t ics  and l i m i t a t i o n s  w i l l  be 

delineated. System weight, volume and propel lant  usage data w i l l  be 

ca 1 cu 1 a ted 

2 

This task was i n i t i a t e d  during t h i s  report  period. For each o f  the i g n i t e r  

system types, designs are being made f o r  a system which provides i g n i t i o n  only 

and f o r  a system which provides i g n i t i o n  and pulse mode operation. 

SPARK IGNITION SYSTEM 

The prel iminary designls) f o r  the spark i g n i t i o n  system are shown i n  Fig. 31, 

For the i g n i t i o n  only appl icat ion,  the i g n i t e r  system i s  c losely  integrated 

w i t h  the thruster  assembly. The i g n i t e r  propel lants are manifolded t o  the 
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i g n i t e r  immediately downstream o f  the main propel lant  valves, (No i g n i t e r  

valves are required.) A s ing le  integrated exci ter /p lug u n i t  i s  shown; how- 

ever, a second u n i t  can be i n s t a l l e d  i f  r e l i a b i l i t y  analysis indicates a 

requirement f o r  redundancy. I f  the i g n i t e r  i s  required t o  perform the ACS 

funct ion (very small impulse b i t s ) ,  separate i g n i t e r  valves and higher f l o w -  

rates are required. This i g n i t e r  , would provide approximately 50 pounds 

thrust .  E l e c t r i c a l  power i s  required f o r  the propel lant  valve I n  add i t i on  

t o  the spark power. 

AUTO-IGNITION SYSTEM 

A prel iminary auto- ign i t ion system design i s  a lso being made f o r  the high- 

pressure SS/APS t h rus te r  appl icat ion (Fig.32 ),  

cation, no e l e c t r i c a l  power I s  required. The propel lants are manifo ded t o  

the auto- ign i ter  immediately downstream o f  the main propel lant  valves. 

f o l d  volumes and volumetric f lowrates w i  11 provide a short  hydrogen lead t o  

the auto- igni ter .  A check valve i s  employed a t  the end o f  the resonance 

cav i t y  on the current designs, 

r e n t l y  being evaluated which w i l l  e l iminate the need f o r  the check valve and 

w i l l  p o t e n t i a l l y  operate w i t h  any propel lant  sequencing. I f  the i g n i t e r  i s  

required to perform the ACS funct ion (very small impulse b i t s ) ,  separate 

i g n i t e r  valves and higher f lowrates are required. 

For the i g n i t i o n  on y appl i -  

Mani- 

Advanced resonance i g n i t e r  designs are cur- 

The i g n i t e r  proves 50 pounds 

th rus t  a t  an ove ra l l  mixture r a t i o  o f  4.0, The only e l e c t r i c a l  power required 

f o r  t h i s  system i s  f o r  valve actuation. This conf igurat ion w i t h  close-coupled 

valves i s  v i r t u a l l y  i den t i ca l  t o  t h a t  evaluated experimental ly on t h i s  program. 

The design e f f o r t s  w i  11 be completed during the next report  period. 
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TASK 1 V  - REPORTING REQUIREMENTS 

I n  addi t ion t o  the monthly, qua r te r l y  and f i n a l  reports, a program plan, 

design reports, and t e s t  plans are required i n  t h i s  Task. The program plan, 

a i €  design reports, and a l l  t e s t  plans were submitted as planned, The only 

submittal during March was the APS I g n i t i o n  System Monthly Technical Progress 

Narrat ive, ASR 71-79, March 1971. 

A formal presentation covering the e f f o r t s  on t h i s  contract  was presented t o  

the Space Transportat ion System Propulsion Technology Conference on 7 Apr i  1 

1971 a t  Marshal 1 Space F1 ight  Center. 
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PROBLEMS 

No major problems have occurred which w i  1 1  a f f e c t  the overa l l  program tech- 

n i c a l ,  schedule or  cost status. The overa l l  program schedule and costs 

are approximately as planned, 
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WORK TO BE PERFORMED NEXT REPORT PERJOD 

TASK I - IGNITER DESIGN AND FABRICATION 

A l l  e f f o r t  on t h i s  Task has been completed. 

TASK I I - IGNITER TESTS 

A l l  e f f o r t  on t h i s  Task has been completed, 

TASK 1 1 1  - IGNITER SYSTEM PRELIMINARY SYSTEM 

E f f o r t  on t h i s  Task w i l l  be completed during the next report  period. This 

e f f o r t  w i l l  continue u n t i l  30 A p r i l  1971. Based upon the Task I1 t e s t  resul ts,  

the l a t e s t  thruster  designs, i n f o m a t i o n  obtained from vehic le contractors, 

and system ground ru les speci f ied by NASA, spark i g n i t i o n  and resonance 

auto- ign i t ion system designs w i l l  be completed f o r  the high-pressure appl icat ion.  
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